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This  paper is devoted to  the  ca l cu la t ion  of ozone dens i ty  d i s -  

t r i b u t i o n  i n  the atmosp3ere i n  the  presence of c i r c u l a t i o n  and as a 
fuliction of l a t i t u d e  of t he  plzce. 

t 

t * 

It has been experimentally e s t ab l i shed  t h a t  the ozone content 

i n  t he  atmosphere and its d i s t r i b u t i o n  in height  depend e s s e n t i a l l y  
on v e r t i c a l  and ho r i eon ta l  a i r  c u r r e n t s  i n  the  atmosphere [l]. Accord- 

in&, the  d i s t r i b u t i o n  of ozone may serve as an important i nd ica to r  
of atmos-heric processes  and even of the synopt ic  pos i t ions .  This  imparts  
t h e  inves t igc t ion  of ozone and t o  i t s  vc?riations in the  t e r r e s t r i a l  globe 
s c a l e  a d i r e c t  p r a c t i c a l  i n t e r e s t .  

Theore t i ca l ly  the e f f e c t  of purely v e r t i c a l  c u r r e n t s  on the  d i s -  

t r i b u t i o n  of ozone is trsateci i n  the  work c23. 

I n  the  present  work we consider the  inf luence on ozone d i s t r i b d -  
t i o n  of a concrete scheme of Senera1 atmosphere c i r c u l a t i o n ,  inc luding  
both ,  the ho r i zon ta l  and v e r t i c a l  Sranches of the flow. 
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2. 

We shall consider  a closed a i r  cu r ren t  C31, of which the v e r t i c a l  
and h o r i z o n t a l  v e l o c i t y  coinponents, V r  and Vcp , t a k i n g  i n t o  account the 

c o n t i n u i t y  equat ion f o r  t he  exponent ia l ly  decreasing w i t h  he ight  air  den- 
s i t y ,  may be r e r r e sen ted  i n  t h e  form 

I",.= Y ~ e x p { ( p - Z ( ( R ) ( r - & ~ ) )  c o s b ( r - R )  sinaR(cp- rpo) / s i n %  (1) 
VT = -bVO exp { (p -- 2 / R )  ( r  - n,)} sin h ( t .  -- N) cos aR (cp - TO) / a sin cp. 

Her,? r is t h e  radius-vector ,  d i r e c t e d  from t h e  cen te r  of the  

Ea r th ;  R is t h e  d i s t ance  from the l a t te r  t o  the  he ight  of  t he  cen te r  of 
the  reg ion  of  flow; R g  is t h e  E a r t h ' s  r a d i u s ,  Y being t h e  complement 
t o  t h e  l a t i t u d e ;  (rtl = n / / l  is the  angle of t h e  reg ion ' s  c e n t e r ;  Vo is a 
parameter c h a r a c t e r i z i n g  the  masnitude of t h e  v e l o c i t y ;  /G = 0.125km'1 is 
the  r e c i p r o c a l  t o  t h e  "heicht  of uniform atmosphere", c h a r a c t e r i z i n g  the  
ra te  of air dens i ty  decrease w i t h  height  C41; a and b de f ine  the  dimen- 
8Ions of t he  flow r e c i o n  i n  such a fash ion ,  t h a t  there be VQ = 0 at the  

nor thern  and southern  boundaries of t he  region,  and  V r m O  a t  the  upper and 
lower, t h a t  is 

= ~ 1 2 R [ A ~ r n a x l ,  

b = ~ / 2 [ A r i n o x l ,  

where A(pmnx and Armax a r e  t h e  maximum d e f l e c t i o n s  '4 and r from the  c o r  
sponding coord ina tes  of t h e  r ep ion ' s  center .  

The cu r ren t  with v e l o c i t y  components (1) w i l l  have t h e  form i n d i -  
c a t e d  i n  F i g . 1 b y   arrow^. 

The c o n t i n u i t y  equat ion f o r  ozone dens i ty ,  w i t h  the right-hand p a r t  
dependin? on d i f f u s i o n  and photochemical processes  i n  t he  atmosphere, de te r -  
mining t h e  f o r n a t i o n  and des t ruc t ion  of ozone, 

8~ / a t  + div ( P V )  = a ( p o  - p) + D V ~ P ,  (2) 

is r e so lved  i n  t h i s  ref ion.  Here V is the  flow v e l o c i t y  vec tor ;  5 is  a 
q u a n t i t y  r e c i p r o c a l  t o  time of osone semi-regenerat ion;  D is t h e  d i f fue ion  
c o e f f i c i e n t ;  
on ly  by photochemical processes.  It is admitted t h a t  

is  t h e  equi l ibr ium ozone dens i ty  a t  V=O, condi t ioned Po 

where H is t h e  he ight  above ground. 
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The d i s t r i b u t i o n  of ozone is searched f o r  i n  a s e t t l e d  air c u r r e n t ,  
i n  which d p / d t = O .  I n  the  first approximation, considered here ,  t h e  e f f e c t  
of d i f f u s i o n  is no t  taken i n t o  account, t h a t  is D = 0 .  

Under these  assumptions the equx t ion  (2) w i l l  hcve the  form 
a(pV7) 1 8(PV,! 2PV7 pvvctgcp - - a b -  P). (4) + R  

_ _  .--+ - -- 
ar + R i h p  R 

Here d i v  (?VI i s  ex-pressed i n  s p h e r i c a l  

coord ina tes  with two v a r i a b l e s  and no t  i n  p o l a r ;  
i t  is done so with t h e  view of t ak ing  i n t o  ac- 
count t he  meridian convergence t o  t h e  pole in 
t he  s imples t  poss ib l e  manner. The unique solu-  
t i o n  of t he  equat ion (4) w i l l b e a r r i v e d  a t  i f  

we start from tho  condi t ion  of ozone dens i ty  
con t inu i ty ;  t he  l a t t e r  is determined by various 
methods in the  f o u r  sub-regions of our r e r ion .  
We s h a l l  dwell  upon t h i s  a t  f u r t h e r  l eng th  i n  
t h e  following. 

(11, the  equat ion ( 4 )  w i l l  be tronsformed i n t o  

N 

/ - '  
L 

Fig. 1 

Upon s u b s t i t u t i o n  i n  i t  of V, and V, according t o  t h e  express ions  

where 

Th i s  l i n e a r  nonuniform equation is reso lved  i n  p a r t i a l  d e r i v a t i v e s  

of first o rde r  by a s tandard  method, with the  a i d  of i n t e g r a t i o n  of an 

a u x i l i a r y  system of ord inary  d i f f e r e n t i a l  equat ions  [ 6  J 



This  system's f i r s t  i n t e g r a l ,  which is easy t o  ob ta in  by in t eg ra -  
t i n g  the  f i r s t  equation of t he  sys teu ,  has  the  form 

cos b 0- - X) cv5 or] ((p - = c. (71 

Afte r  t h a t  the  s o l u t i o n  of t he  equat ion is reduced t o  t h e  in t eg ra -  
t i o n  of t he  ordinary d i f f e r e n t i a l  equat ion of f i r s t  o rde r  

where 'Q is expressed through 
w r i t t e n  more b r i e f l y  i n  the  form 

with the  a i d  of (7); t h i s  equat ion may be 

d p / d r + p ( r ,  c)p  = f ( r , c ) .  (&I) 

The dependence of  ozone distribution on photochemical processes  
is manifest  s t ron,yest  of a l l  at  he igh t s  from 20 t o  30km; i t  is  thus  im- 

p o r t a n t  t o  a s s o r t  a func t ion  r e f l e c t i n g  the  t r u e  course f p r e c i s e l y  i n  
t h a t  i n t e r v a l .  On the  b a s i s  of e : rpr imental  data and c a l c u l a t i o n s ,  A.V. 
Koneat 'yeva has  chosen u = a 0 ~ ~ ~ 9 ~ ~ ~  = 6 10-13e0t5'1 see-1 *. 

The reg ion  of flow i s  traken i n  he igh t  above t h e  Ea r th ' s  s u r f a c e  - 

from 2.5 t o  37.5km ( t h e  c e n t e r  is s i t u a t e d  a t  2 0 k a h e i g h t )  ; b y  l a t i t u d e  
it extends  from the  pole t o  equator ( cen te r :  cp = n / 4 ) .  This is obtained by 
p o s t u l a t i n g  b = 0.09, aR = 2 ;  then b / a  - 287. 

The s o l u t i o n  of the equat ion (8a) has  the form 

~ ( r ,  c ) =  Cexp ( - - S p ( r , c ) d , . ) f c x i ) ( - S p ( r , c ) d r } X  

x 1 f ( r ,  c)exp { p ( r ,  ejdr}dr. (9) 

A t  (P=r(/4 t h e  q u a n t i t i e s  p (r ,  c )  and f (r ,  c )  pass  t o  i n f i n i t y ;  
however, i t  may be assumed i n  t h i s  case,  as should be expected, that 
t h e  s o l u t i o n  w i l l  be f i n i t e .  Phys ica l ly  t h i s  means t h a t  t he  v a r i a t t o n  of 
ozone dens i ty  i n  he igh t  is no t  mcmifest in the  s o l u t i o n  on the  line 
f o r  t h e r e  a r e  no v e r t i c a l  a i r  cu r ren t s  on t h a t  line. 

e q u a l i t y  (91 ,  one must r ep resen t  t h e  t r igonometr ic  func t ions  i n  t h e  expres- 
s i o n s  f o r  p ( r , c )  and f ( r , c )  approximately in t he  form of polynomials 
from x = bh ( h  = H - 2.5km) ; these polynomials w i l l  have, a t  t h e  same tiaae, 

I n  o rde r  t o  conduct i n t e g r a t i o n  in t h e  right-hand par t  of t h e  

* F..rpression f o r  
Kondrat'yeva, published i n  1962 by t h e  Moscow S t a t e  Universi ty .  

der ived on the basis of c a l c u l a t i o n s  i n  t h e  t h e s i s  by 
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a d i f f e r e n t  form at 9. < J C / ~  and cp>;1/4. A t  v, < n / 4  a l l  t h e  func t ions  w i l l  
have the  index 1, and a t  c" > JC / 4  - t he  i n & x  2. 

By the  s t ren.cth or" so lu t ion ' s  con t inu i ty ,  its " jo in ingf8  w i l l  be 

e f f e c t e d  a t  c p =  z / 4  , t h a t  is, i t  will be assumed t h a t  p i ( r , n / 4 ]  = ~ ~ ( r , ~ / 4 ) ,  

It is admitted approximatel:r, t h a t  

N -. -- N 

sin cp 
COS b ( r - R ) s i n ~ R ( ( ;  - i,,$,) 

N hr i ( I O )  

The express ions  (10) decrease our reg ion  of flow, since we may 
u t i l i z e  then  only  i n  s p e c i f i c  i n t e r v a l  of H and V var i a t ion .  We shall 
conduct the  computations f o r  a region,  bounded in he igh t  by 10 and 30h, 
and by l a t i t u d e s  20' and  70°. 

The express ions  (101 poorly approximate the  i n i t i a l  f unc t ion  at 
nea r  f i / 4 ,Tha t  is  why i n  t h e  band 
w i l l  no t  take  place and i t  w i l l  be approximately a d a i t t e d  t h a t  Pi(;;&,5") = 

42,5O<'4 < 47,5 t h e  c a l c u l a t i o n s  

- - p2(2,4i ,5") .  - T h i s  is admissible, s i n c e  i n  t h i s  region t h e  v e r t i c a l  a i r  
c u r r e n t s  a r e  very s m a l l ,  and b a s i c a l l y  they do determine t h e  oeone d e n s i t y  

g rad ien t  ( as w i l l  be seen f u r t h e r ) .  
U t i l i z i n g  t h i s  condi t ion of con t inu i ty ,  we may write t h e  s o l u t i o n  

independent ly  from the  t t jo in ingl l  a t  V = 42.5 - 47.5O : 

where 

w h i l e  t he  s o l u t i o n ,  dependent upon t h e  l l joiningl l  w i l l  be I 

*/. 



(12) 

where, upon i n t e g r a t i o n ,  p is  s u b s t i t u t e d  by i ts  expression (7). 
(0, r 4 2 . 5  o r  47.5O, xo corresponds t o  the  v d u e  of x a t  H = 2 O k m ,  

f *  ((0) 

The func t ions  pt(s, c ) ,  P R ( ~ ,  c ) ,  /I(s, c ) ,  h ( x ,  c) r e g r e s e a t  t h e  y o d u c t s  
of t h e  polynonial  from x by the  exponent. The e rp res s ions  of t h e  type 

j/, (z, c )  c s p  (5 p ,  (.T. c )  (1.1; d.c ( i  = 1. 2) 

i n  s e r i e s  and l i m i t i n g  ourse?.ves t o  two terms. 

formula (111, the dens i ty  of ozone i n  the reg ion  I1 ( f2) is determined by 
t h e  formula (121, t he  dens i ty  p2 i n  the  region I11 -by (11) and t h e  
dens i ty  p1 i n  t he  region IV - by formula (12) . A t  the  l e v e l  x = x o ,  i. e. 

at  H = 20km, we map conpute the ozone dens i ty  at  9 < Qo simultaneously 
f o r  t he  r e r i o n s  I, FJ '4 7 V 0  - for t h e  reg ions  I f ,  111. By t h e  
s t r e n g t h  of t he  con t inu i ty  of the func t ion  p (x, 'P) , t h e  va lues  of  t h i e  
func t ions  at x = x 0  

obta ined  sequence of po in t s  we may assort 
a t  H r 2 0 k m .  Therefore ,  by the  s t r e n g t h  of t h e  c losed  s ta te  of c u r r e n t  
l i n e s ,  t h e  "boundary condition" is not  pre-assigned, and it is obtained 
from the  s o l u t i o n  i t s e l f ,  having at  V o =  10 

is  the  dens i ty  of ozone a t  H = 20k-21. 

are i n t e g r a t e d ,  expanding the  exponent 

The ozone dens i ty  p1 i n  t he  r e r i o n  I (Fig.1)  is determined by 

and a t  

a r e  equated a t  each po in t ,  and, according t o  the 
p*(cP> - the  dens i ty  of ozone 

-7 
km/sec the  form 

'pi'(cp) =215(1 +exp{-lU/ Icp--445O(}),  
pz'(9) =215(1-exp { - l o /  Icp-445'(}), 

and a t  Vo = 2 10'' km/sec 
-pi'(q) = 215(1 4- exp {-5/(cp -45"1}! ,  
p2'(cp) = 215(1 - exp {--.12,5/1cp -/ , j" i }) .  

(13). 

Ths oIcone d e n s i t y  w a s  computed a t  every 5' l a t i t u d e  from 20 t o  70° 

and a t  every 2kmheight  from 10 t o  30 km, Above 30kmthe c a l c u l a t i o n  
can no longer  be conducted, as t he  l i m i t i n g  of exponent's expansion i n  
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ser ies  t o  two terms will be already i n s u f f i c i e n t .  Our scheme assumes 

t h a t  above 37.5km t he re  general ly  a r e  no cu r ren t s ,  w h i l e  commencing a t  
about 35km the v e r t i c a l  flows are  very small, so t ha t  from t h a t  height  
t he  ozone d i s t r i b u t i o n  may be estimated t o  be near  the  photochemical. A t  

30 - 35 km heights  we i n t e rpo la t e  the  ap-moximate course of ozone density.  

' I  h I t  
f ' r * r  

- 1  - -. 

Fig .  2 

The conputations were e f f ec t ed  f o r  two d i f f e r e n t  v e l o c i t i e s  Vo 

determinias  the i n t e n s i t y  of t he  whole c i r c u l a t i o n  : loo7 and 2 10.7 km/s. 
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The value Vo = loo7 lan/sec corresponds t o  t he  maximum v e r t i c a l  v e l o c i t y  
-0.4 cm/sec and t o  the minimum hor i zon ta l  -1.3 m/sec. 

The examples obtained by formulas (11) and (12) of the r e s u l t s  

of d i s t r i b u t i o n  of 
sphere c i r c u l a t i o n  

The curves 
and by s t roke-dots  
d i s t r i b u t i o n  of po 

equi l ibr ium dens i ty  of oeone i n  t he  presence of atmo- 

a t  (p = 35, 40, 60, 70' a r e  p l o t t e d  i n  Fig. 2. 
of ozone densi ty  a r e  p l o t t e d  by dashes f o r  Vo = 10°7km/s 

- f o r  2 .10°7h/ sec. The s o l i d  curve i n d i c a t e s  t he  

a t  Vo = 0, according t o  the  expression (3) .  
It may be- seen from these  curves, t h a t  the ind ica t ed  scheme of 

atmos;here c u r r e n t s  provides the d i s t r i b u t i o n  of ozone dens i ty  co inc id ing  
in the whole wi th  the experimental data. Thus, at high l a t i t u d e e ,  where 

the downward cu r ren t s  are g r e a t e s t ,  a sharp increase  i n  the  t o t a l  oeone 
content  is observed alongside w i t h  t he  lowering of the  m a x i m u m  and the 

inc rease  in i t  of ozone concentration. As t o  t he  low l a t i t u d e s ,  where 
ascending cu r ren t s  are preva len t ,  t he  t o t a l  ozone content drops sharp ly ,  
t he  maximum s h i f t s  upward, and the concentrat ion of ozone i n  i t  d b i n i s h e e .  
A dual  maximum of ozone concentrat ion is  a l s o  f requent ly  observed. For  
the  given a i r  cu r ren t  scheme, t h e  upper m a x i m u m  forms the  ascending a i r  cur- 

r e n t ,  and the  lower one- the  "residual"  maximum, is conditioned by t h e  
maximum formed by descending air  cu r ren t s  a t  CP < 7 ~ 1 4 .  T h i s  m a x i m u m  gradual- 
l y  d i ss ipa tes  on account of acsending cu r ren t s  and a t  lowermost l a t i t u d e s  
i t  p r a c t i c a l l y  vanishes e n t i r e l y .  

It may a l s o  be seen from these  curves,  t h a t  the  v e r t i c a l  c u r r e n t s  
e x e r t  a great  in f luence  on t h e  d i s t r i b u t i o n  of ozone. The greatest varia- 
t i o n s  of ozone content take place p r e c i s e l y  where p r e v a i l  the greatest 
v e r t i c a l  flows. The hor i zon ta l  cu r ren t s  a l s o  inf luence t h e  d i s t r i b u t i o n  of 
ozone, but t o  a s u b s t a n t i a l l y  lesser degree. 

One mzy no t i ce  a l s o  t h a t  t h e r e  e x i s t s  an i n t e r v a l  of a i r  cu r ren t ' s  
v e r t i c a l  ve loc i ty ,  a t  which the  v a r i a t i o n s  of ve loc i ty  a r e  most manifest 
i n  t h e  d i s t r i b u t i o n  of oeone. Beyond t h e  i n t e r v a l ,  t he  v e l o c i t y  variatrLons 
of a s e t t l e d  cu r ren t  are inf luenc ing  t h e  ozone d i s t r i b u t i o n  immaterially. 

The most e s s e n t i a l  d i s t i n c t i o n  between the  r e s u l t s  of c a l c u l a t i o n  

, 

and the  observat ions c o n s i s t s  in a sharp ly  overrated ozone content  at high 

l a t i t u d e s  a t  comparatively low current  ve loc i t i e s .  This  may be p a r t i a l l y  
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explained by the  f a c t ,  t h a t  we consider a s e t t l e d  c u r r e n t ,  whereas i n  
r e a l  atmospheric condi t ions  i t  more o r  l e s s  approaches the  s e t t l e d  state ,  

p a r t i y  because of the  d i s t i n c t i o n  of our  scheme from t h a t  of [3],which 
c o n s i s t s  i n  t h a t  the  l as t  cur ren t ,  d i r e c t e d  from south  t o  nor th ,  syreads  
t o  the  he ipht  of 70- 801~7, while i n  our  scheme t h e  same moun t  of a i r  
is "accomodnted" t o  37.51mheiyht. That is why t h e  f l e f f e c t i v e i t  air velo- 
c i t y  i n  our scheme r e s u l t s  greater .  It i s  neve r the l e s s  poss ib l e ,  t h a t  
t he  increased  des t ruc t ion  of ozone i n  the  lower l a y e r s  should also be 
tdcen i n t o  account, t h a t  is, the  aerosol oxida t ion  etc..., which, so f a r ,  

was disregarded here.  
I n  conclusion, the  author ex:x-ences h i s  g r a t i t u d e  t o  A. Kh. Khrigan 

f o r  formulat ing the  problem and kelninr:  i n  the m r k .  
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